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PREFACE 


This  report,  which  describes  investigations  relative  to 
evaluation  of  specific  characteristics  of  the  Sperry  SLIC-7 
laser  gyro  as  they  pertain  to  low  cost  missile  guidance 
system  requirements,  is  the  latest  in  a series  of  reports 
on  the  development  of  the  device  for  tactical  missile 
applications . 
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SECTION  I 

INTRODUCTION  AND  SUMMARY 


INTRODUCTION 

This  final  technical  report  was  prepared  for  the  United  States  Air  Force 
(USAF)  Systems  Command,  Aeronautical  Systems  Division,  Avionics  Laboratory, 
Wright- Patterson  Air  Force  Base,  Dayton,  Ohio,  under  contract  number 
F33615-77-C- 1196,  by  Sperry  Gyroscope,  an  operating  unit  of  the  Sperry  Division, 
Sperry  Rand  Corporation,  Great  Neck,  New  York.  It  documents  the  results  of  inves- 
tigations relative  to  evaluating  specific  characteristics  of  the  Sperry  SLIC-7  laser 
gyro  as  they  pertain  to  low  cost  missile  guidance  system  requirements. 

Specifically  two  investigations  were  conducted:  a thermal  analysis  and  a 
storage  and  shelf  life  evaluation.  The  thermal  analysis  is  keyed  to  a particular 
sensitivity  laser  gyros  possess,  which  is  that  discharge  gas  flow  rate  changes  (output 
null  shifts)  are  caused  by  temperature  gradients.  The  lifetime  analyses  relate  to  the 
discharge  tube  size  constraints  imposed  by  the  compact  design  of  the  SLIC-7  laser 
gyro. 

SUMMARY  OF  RESULTS 
Thermal  Investigation 

An  extremely  detailed  thermal  model  of  the  SLIC-7  laser  gyro  was  prepared. 
Thermal  impedances  were  derived  and  simulated  in  this  model  where  the  three-axis 
gyro  optical  cavity  and  case  was  divided  into  over  200  nodes.  (Temperature  points). 

In  terms  of  laser  gyro  operation  the  key  to  quick  reaction  and  performance  stability  is 
thermal  gradients,  particularly  across  the  discharge  tubes. 
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The  thermal  model  was  converted  into  a digital  computer  program  to  facilitate 
the  analysis  of  the  thermal  behavior  of  the  laser  gyro  configuration  for  different  am- 
bient temperatures.  The  results  of  these  analyses  are  documented  herein.  The  key 
response  area,  temperature  gradient  across  each  discharge  tube,  shows  that  the  use 
of  a ceramic  body  discharge  tube  (nominal  design  for  SLIC-7)  effectively  minimizes 
the  tube  gradient.  In  all  cases  tube  3 had  the  largest  gradient  which  never  exceeded 
0.  05°F.  This  translates  into  a maximum  induced  drift  of  0.  5 degrees  per  hour,  un- 
compensated. This  performance  can  be  further  improved  by  thermal  compensation  of 
the  gyro  output  as  a function  of  measured  tube  temperature  gradients. 

Life  Investigation  and  Test 

The  SLIC-7  discharge  tube  is  the  key  element  relative  to  life  and  reliability 
of  this  sensor.  The  size  constraints  imposed  by  the  small  size  of  the  sensor  limited 
both  the  available  gas  volume  and  cold  cathode  area.  The  subject  investigation  was 
directed  towards  maximizing  the  life  of  the  tune  through  design  investigation  and  then 
measuring  the  result. 

The  design  investigation  centered  around  the  selection  of  the  most  optimum 
cathode  configuration  that  maximizes  the  cathode  area  (within  the  size  constraints)  and 
minimizes  the  current  density. 

The  test  consisted  of  two  types:  storage  and  operating  life.  Tubes  of  the 
selected  design  were  made  and  put  into  storage  with  periodic  test  of  key  parameters. 

Three  tubes  were  committed  to  the  storage  test.  Two  were  stored  at  elevated  temp- 
erature (64°C)  and  one  stored  at  room  temperature.  Approximately  every  other  week 
the  tubes  were  put  into  a linear  laser  for  performance  evaluation  (4  hour  test)  and 
returned  to  storage.  To  date,  all  three  samples  are  unchanged  for  a total  accumulation 
of  1500  hours  on  each  sample.  These  tests  are  continuing  in  a post-contract  effort. 

The  operating  life  tests  are  also  under  way.  The  selected  cathode  configura- 
tion with  a maximum  operating  current  of  1.  5 ma  is  projected  to  have  a life  expect- 
ancy in  excess  of  15,  000  hours. 

Therefore,  it  is  projected  on  the  basis  of  the  life  investigation  that  the  SLIC-7 
laser  gyro  will  satisfy  the  requirements  postulated  for  a missile  system;  that  is,  10  years 
of  shelf  life  with  an  85%  probability  of  operating  4 hours  any  time  within  the  10  years. 
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RECOMMENDATIONS 


The  subject  investigations  were  made  on  a SLIC-7  laser  gyro  design  that  had 
not  been  built.  Two  of  these  sensors  are  being  manufactured  for  the  Air  Force  for 
performance  evaluation  relative  to  the  Low  Cost  Inertial  Guidance  System  program. 
The  current  USAF  plan  is  to  have  Draper  Laboratories  test  and  evaluate  these  units. 

It  is  strongly  recommended  that  Sperry  participate  in  the  evaluation  program. 
There  is  no  argument  against  independent  test  and  evaluation,  where  the  sensor  will 
be  evaluated  from  a "black  box"  standpoint.  However,  the  designer  and  manufacturer 
has  insight  into  the  design  that  could  explain  (and  possibly  compensate)  performance 
anomalies.  Therefore,  in  addition  to  the  independent  testing  provided  by  the  Draper 
Laboratories,  Sperry  should  be  funded  to  perform  similar  tests  and  evaluations.  As 
part  of  the  Sperry  effort,  the  results  of  both  the  thermal  and  life  investigations  could 
be  further  validated.  The  SLIC-7  laser  gyro  could  be  implemented  with  thermal  sen- 
sors to  validate  the  analytic  thermal  model  developed  on  the  subject  contract.  This 
validation  would  be  correlated  to  measured  performance  to  validate  the  thermal 
modeling  of  the  SLIC-7  design.  Thermal  changes  and/or  compensations  could  be 
developed,  if  required. 

In  the  area  of  life,  additional  operational  and  storage  times  would  be  accumu- 
lated providing  increased  confidence  in  the  capability  of  the  SLIC-7  laser  gyro. 
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SECTION  II 


TECHNICAL  PROBLEM 


BACKGROUND 

There  is  an  Air  Force  requirement  for  an  adverse  weather,  standoff,  launch 
and  leave  capability  in  both  powered  and  unpowered  tactical  missiles.  Key  to  attaining 
this  capability  is  the  successful  development  of  a Low  Cost  Inertial  Guidance  System 
that  will  satisfy  the  tactical  missile  guidance  requirements. 

Laser  gyro  technology  development  has  progressed  to  the  stage  where  0.  l°/hr 
accuracy  can  be  achieved  routinely.  This  0.  l°/hr  accuracy  coupled  with  the  low  cost 
potential  of  the  laser  gyro  makes  it  an  ideal  candidate  for  tactical  missile  guidance. 
This  effort  is  the  initial  phase  of  a planned  multi-phase  program,  the  objective  of  which 
is  to  develop  laser  gyro  technology  for  low  cost  guidance.  Specifically,  the  SLIC-7 
(Sperry  Laser  Inertial  Cluster  - 7 inch  perimeter)  is  investigated  under  this  effort. 

The  SLIC-7  was  selected  because  it  has  the  lowest  cost  potential  of  the  laser  gyro 
designs  that  have  been  independently  tested. 

The  SLIC-7  is  a follow  on  design  to  the  SLIC-15  (Sperry  Laser  Inertial  Cluster 
- 15  inch  perimeter  gyro).  The  SLIC-15  was  developed  by  Sperry  under  subcontract 
to  Lockheed  for  use  on  the  RACG  (Radiometric  Area  Correlation  Guidance)  system. 

The  SLIC-15  has  been  flight  tested  at  CIGTF,  Holloman  AFB  in  a pure  inertial  mode 
with  in -air -transfer  alignment  and  was  being  flight  tested  by  Lockheed  in  a RACG  mid- 
course  guidance  mode.  Performance  data  from  these  flight  tests  indicated  that  the 
SLIC-15  accuracy  is  sufficient  to  satisfy  most  anticipated  tactical  missile  guidance 
requirements;  however,  the  size  of  SLIC-15  is  marginal  for  many  applications.  The 


SLIC-7  size  is  such  that  it  will  fit  practically  any  anticipated  size  requirements;  how- 
ever, its  performance  is  unproven.  A SLIC-7  rate  package  was  being  tested  by  Martin  - 
Orlando  for  the  U.  S.  Army  AIMS  (Advanced  Intercept  Missile  System).  The  accuracy 
requirements  for  the  AIMS  application  were  crude  (30° /hr  drift)  relative  to  LCIGS  re- 
quirements. This  effort  will  investigate  the  performance-cost  potential  of  SLIC-7  for 
application  to  LCIGS. 

The  SLIC-7,  a new  laser  gyro,  differs  from  the  SLIC-15  design  mainly  in 
cluster  size  and  discharge  tube  design  and  size.  Since  there  is  little  experience  with 
this  design,  these  potential  problem  areas  were  to  be  investigated  under  this  effort. 
Areas  of  concern  included  thermal  response  of  the  cluster  and  reliability  of  the  dis- 
charge tube. 

Low  thermal  sensitivity  was  a goal.  Thermal  sensitivity  should  be  such  that 
the  system  can  operate  over  a specified  range  (-55°C  to  +71°C)  with  <1  minute  reaction 
time  and  <0.  5°/hr  drift  stability  and  repeatability. 

The  reliability  goal  to  be  achieved  was  a 10-year  shelf  life  and  a 85%  prob- 
ability that  the  system  will  turn  on  anytime  within  the  10  year  period  and  remain 
operating  for  4 hours. 

THERMAL  PROBLEM 

The  current  design  approach  to  laser  gyros  is  to  use  a helium  - neon  gas  dis- 
charge laser  to  generate  the  light  beams  used  to  sense  angular  rotation.  This  gas  is 
contained  within  a ceramic  envelope.  When  the  discharge  is  excited  via  a high  dc  volt- 
age, it  generates  heat.  This  heat  diffuses  along  the  total  discharge  path,  establish- 
ing a temperature  gradient  that  sets  up  a gas  flow  profile.  The  laser  gyro  responds 
to  gas  flow  rates  in  the  same  way  it  responds  to  input  rotation  rate.  Therefore, 
changes  in  flow  rate  produce  errors  in  the  gyro  output  normally  referred  to  as  drift 
rate  errors. 


The  objective  of  the  subject  thermal  investigation  is  to  analyze  the  SLIC-7 
design  from  a thermal  gradient  standpoint  in  order  to  evolve  a design  that  minimizes 
all  gradients  and,  therefore,  all  thermal  sensitivities. 


LIFE  PROBLEM 

The  laser  gyro,  a solid-state  inertial  angular  rate  sensor,  has  the  potential 
for  high  reliability  and  long  life.  It  consists  of  optical  components  that  are  inactive 
elements  and  a gas  discharge  tube,  an  active  element.  The  life  limiting  element  for 
the  laser  gyro  ultimately  is  the  gas  discharge  tube.  The  discharge  tube  must  exihibit 
stable  characteristics  for  various  periods  of  operation  and  storage  under  changing 
ambient  conditions. 

There  are  essentially  only  three  discharge  tube  failure  mechanisms:  gas  im- 
purity, gas  diffusion  and  cathode  sputter.  Gas  impurity  results  from  inability  to  purge 
and  seal  the  gas  container.  In  the  SLIC-7  design,  the  all  glass-metal  or  eventually 
ceramic-metal  construction  makes  a container  that  can  be  purged  and  sealed  effectively 
so  that  gas  impurity  is  not  a potential  failure  mechanism.  In  addition,  this  tube  con- 
struction minimizes  gas  diffusion  due  to  the  nature  of  the  materials  employed.  However, 
because  of  its  extremely  compact  design,  cathode  area  is  limited  with  a potential  failure 
resulting  from  cathode  sputter . 

The  primary  objective  of  the  subject  life  investigation  is  to  evaluate  the  small 
SLIC-7  discharge  tube  relative  to  its  capability  of  satisfying  tactical  missile  guidance 
system  requirements  for  operating  and  storage  life. 


SECTION  III 

DESCRIPTION  OF  INVESTIGATIONS  AND  RESULTS 


This  section  of  the  report  presents  the  details  of  the  thermal  and  life  investiga- 
tions. 

THERMAL  INVESTIGATION 

The  three-axis  SLIC-7  laser  gyro  sensor  assembly  was  thermally  modeled  in 
order  to  investigate  its  transient  and  steady-state  thermal  behavior.  The  following 
discussion  describes  the  four-step  process  associated  with  this  investigation.  The 
specific  tasks  included: 

• Define  the  SLIC-7  laser  gyro  sensor  design  configuration 

• Refine  method  of  analysis 

• Prepare  thermal  model  program  on  digital  computer 

• Analyze  transient  and  steady-state  responses 

• Recommend  design  changes,  if  any. 

Design  Configuration 

The  laser  gyro  cluster  assembly  is  designed  symmetrically  to  prevent  non- 
uniform  temperature  gradients.  The  cervit  block  is  mounted  to  both  top  and  bottom  of 
the  case  in  such  a manner  as  to  allow  heat  flow  to  occur  equally  in  both  directions. 

Heat  conduction  paths  are  provided  by  way  of  narrow  gaps  and  joint  interfaces  to  keep 
conduction  of  heat  balanced  between  the  top  and  bottom.  With  the  internal  gas  pressure 
at  0.5  torr,  all  air  gaps  over  0.0025  inch  conduct  heat  as  if  at  atmospheric  pressures; 
joint  interfaces,  however,  conduct  heat  as  if  under  full  vacuum  conditions. 
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The  laser  tube  is  made  of  beryllium  oxide,  a material  with  high  thermal  con- 
ductivity. Thermal  conductances  from  end  to  end  in  the  tube  are  large  due  to  a com- 
bination of  large  material  cross-section  and  high  material  thermal  conductivity. 

Figure  1 shows  a cross-section  of  the  SLIC  7/2  platform  unit.  The  view  shows 
a front  view  of  the  laser  tube  mounted  on  the  cervit  block  as  well  as  the  supporting  hard- 
ware, shields  and  case. 

Figure  2 is  a slightly  different  cross-sectional  view  showing  the  mounting  pads 
of  the  base  which  are  shown  further  on  figure  3.  Note  that  the  mounting  pad  on  the  right 
combines  the  pad  and  the  locating  pin.  The  three  shields  with  their  aluminum  spacer 
disks  are  screw  mounted  directly  to  the  base.  A more  detailed  view  of  the  base  is  seen 
on  figure  4.  If  there  are  any  circumferentialy  asymmetrical  aspects  affecting  heat  con- 
duction, they  would  be  associated  with  the  base  and  bottom  cervit  block  mounting  hard- 
ware. 

Figure  5 shows  the  laser  tube,  mu-metal  shield  and  mounting  configuration. 

The  laser  tube  contacts  the  cervit  block  only  at  the  two  mounting  tabs  where  heat  is 
transferred  across  the  joint  contact.  In  the  area  of  the  windows  and  lower  body  the 
tube  thermally  communicates  with  the  cervit  block  by  radiation  and  air  gap  conduction. 

Heat  generation  in  the  laser  gyro  platform  originates  primarily  in  the  three 
laser  tubes.  The  heat  from  the  tubes  is  transferred  to  the  central  portion  of  the  cervit 
block  from  where  it  flows  to  the  upper  and  lower  block  mounting  hardware.  The  objec- 
tive is  to  allow  the  heat  to  flow  equally  in  both  directions.  A certain  amount  of  heat 
also  flows  radially  outward  through  the  three  shields  into  the  case. 

Any  vertical  temperature  gradient  set  up  in  the  cervit  block  due  to  unequal 
heat  conduction  at  the  top  and  bottom  mounting  is  reflected  into  the  laser  tubes 
through  the  radiative  and  gas  conductive  links  with  the  block  in  the  area  of  the  tube 
windows.  The  gradients  in  the  tube  as  a result  of  these  effects  are  smaller  than  in  the 
block  as  a result  of  attenuation.  The  tube  temperature  gradient  objective  of  0. 05°F  is 
satisfied  with  the  present  design. 
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Figure  3.  Cervit  Block  Bottom  Mounting  Configuration 


Method  of  Analysis 

The  thermal  characteristics  of  the  SLIC  7/2  laser  platform  have  been  analyzed 
by  the  technique  known  as  mathematical  thermal  modeling.  All  significant  thermal 
aspects  of  the  physical  platform  configuration  are  represented  in  a network  of  thermal 
conductances.  Some  of  these  conductances  are  taken  as  fixed  and  others  are  variable. 
The  network  or  thermal  model  representing  the  platform  is  shown  on  figure  6. 

The  fixed  conductances  are  those  involving  solid  members  (thermal  conduc- 
tivities of  solids  used  vary  very  little  with  the  expected  temperature  variations) , joint 
contact  conductances  and  gas  gap  conductances.  Thermal  conductance  expressions  of 
various  solid  members  and  shapes  have  been  derived  and  are  presented  on  figure  7. 
Conductance  expressions  can  be  generated  for  other  special  shapes;  these  are  most 
commonly  encountered  in  platform  systems. 

Varying  thermal  conductances  are  usually  associated  with  free  convection  and 
radiation. 

The  variable  convection  conductances  are  of  the  following  form. 


K 


C 


where 

2 

Sc  = convection  surface  area,  ft 

C = free  convection  geometry  constant  (empirical) 

k = thermal  conductivity  of  the  fluid 

L = characteristic  length  of  the  surface 
g = acceleration  of  gravity,  ft/sec^ 

P = bulk  modulus  of  thermal  expansion,  °R  * 

P = fluid  density,  lb/ft ^ 

Cp  = specific  heat  at  constant  pressure  BTU/lb°F 

n = absolute  fluid  viscosity,  lb/hr-ft 

T = temperature  difference  surface  to  fluid,  °F 

n = exponent  constant  (empirical) 
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The  radiation  conductance  is  of  the  following  form. 


*r 


R 


F F 
\ e a 


0.172  x 10 


-8 


T2 


2 

= radiation  surface  area,  ft 
F£  = surface  emissivity  factor 
F = surface  configuration  shape  factor 

cl 

-8 

Stefan  - Boltzmann  constant  is  0. 172  x 10 
Tg  = temperature  of  radiating  surface,  °R 

Tj  = temperature  of  receiving  surface,  °R 

To  generate  the  mathematical  thermal  model  for  the  computer  assembly,  each 
geometric  element  is  represented  by  a node  point.  The  nodes  are  interconnected  by 
thermal  conductances  representing  the  ability  co  transfer  heat  between  elements  or 
nodes.  The  inputs  for  the  computer  program  also  include  heat  generation  and  location 
data,  and  element  boundary  characteristics  such  as  air  or  sink  temperatures.  In  addi- 
tion, the  thermal  capacitance  of  each  node  must  be  computed  based  on  the  specific  heat 
and  weight  of  each  node  or  element.  All  this  data  is  punched  on  computer  cards  which 
form  the  data  portion  of  the  computer  program.  Utilizing  the  computer  program  and 
the  data  of  the  particular  thermal  model  under  consideration,  the  Univac  1108  computer 
exercises  the  node  equations  by  stepwise  iteration  (also  known  as  marching  solution) 
and  computes  the  desired  node  temperatures. 


The  general  form  of  the  node  equation  is 


*1  = Vl<T2-Tl)+ *3-1^3-  V Kn-1  <Tn  ' Tl>  + ql 

c,  (t;  - t ) 

— A8  - Vl  (T2  - Tl>  + *3-1  <T3  - ' Tl)  ■ ■ • ■ ■ Kn-1  (Tn  “ Tl>  + *1 
' T K2-1A0  T„+lS-li()  T ....Kn-1A0  T +qlAfl 

i ' Ti  ~ "c^ 2 3 n cp 


Tl  = 


2-1 


T2  + F3-l  T3  + 


F , T + 
n-1  n 


Fn-l) 


Tl  + 


Qi 


i 
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where 


qj  = energy  stored  at  node  over  finite  time  A9  , BTU/hr 

qn_l  = heat  conducted  BTU/hr 

Tj  = temperature  at  node  "1M  °F 

Tn  = temperature  at  node  "n"  °F 

Tj  = temperature  at  node  "1”  after  iteration,  °F 

K . = conductance  between  nodes,  BTU/hr°F 
n- 1 

= capacitance  of  node  "1"  = WCp,  BTU/°F 
W = mass  of  node,  lbs 
Cp  = specific  heat  of  material,  BTU/lb°F 
Ad  = time  step  or  iteration  interval,  hrs. 


The  computer  program  contains  the  general  form  of  the  node  equation.  When 
it  receives  input  data  such  as  specific  node-to-node  conductances,  node  capacitances, 
convection  and  radiation  properties,  and  heat  generation  characteristics,  the  computer 
program  can  construct  the  entire  array  of  node  equations  which  in  this  case  is  205  equa- 
tions. It  solves  each  of  the  205  node  equations  for  every  time-step  iteration,  resulting 
in  a node  temperature.  Since  initial  and  surrounding  node  temperatures  are  known  - 
assuming  all  heat  is  being  conducted  into  the  node  in  question  - the  node  equation  be- 

t 

comes  a linear  equation  with  a single  unknown  Tj  . This  is  the  future  node  temperature 
after  time  A 9 has  elapsed. 

In  terms  of  platform  warm-up  time,  the  computer  takes  approximately  l/30th 
of  a second  to  solve  a complete  iteration  for  all  205  nodes.  The  new  set  of  node  tem- 
peratures calculated  for  time  interval  A 9 now  forms  the  initial  condition  for  the  second 
iteration  of  node  temperatures.  For  the  platform  warm-up  time  of  approximately  3 
hours  30,  000  complete  iterations  are  required. 
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Figure  6.  Mathematical  Thermal 
Model  of  SLIC  7/2  User 
Gyro  Platform 
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Figure  7.  Thermal  Conductance  Expressions  of  Building  Blocks 
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Mathematical  Model  and  Its  Parameters 

The  mathematical  thermal  model  (figure  6),  simulating  all  thermal  aspects  of 
the  SLIC-7/2  laser  gyro  platform,  has  four  parametric  constituents  which  are 

(a)  heat  generation 

(b)  thermal  conductance 

(c)  thermal  capacitance 

(d)  boundary  conditions 

(a)  The  heat  sources  in  the  platform  are 


Laser  tube 

No.  1 

0.  5 watts 

Laser  tube 

No.  2 

0.  5 watts 

Laser  tube 

No.  3 

0.  5 watts 

Bias  coil 

No.  1 

0.  04  watts 

Bias  coil 

No.  2 

0.  04  watts 

Bias  coil 

No.  3 

0.  04  watts 

Hybrid  module 

No.  1 

0.21  watts 

Hybrid  module 

No.  2 

0.21  watts 

Hybrid  module 

No.  3 

0.21  watts 

Resistor  assembly 

0. 165  watts 

The  total  platform  heat  generation  is  2.265  watts. 

The  individual  node  dissipation  in  BTU/hr  is  listed  on  figure  8. 

(b)  The  thermal  conductances  are  the  heat  flow  path  connecting  node  or  ele- 
ment points  with  the  units  in  BTU/hr°F.  The  basic  equation  for  conductance  is 

K = kA/ l where 

9 

k = thermal  conductivity  of  material  in  BTU/hr  F ft  /ft 

2 

A = heat  flow  cross-sectional  area  in  ft 
L = heat  flow  path  length  in  ft 

For  more  specific  information  on  conduction  equations  see  figure  7.  A complete  listing 
of  all  conductances  identified  by  their  designation  numbers  are  presented  on  figure  9. 

(c)  The  thermal  capacitance  as  associated  with  every  node  is  the  heat 
storage  capacity  of  each  particular  element.  A complete  list  of  node  capacitance  is 
given  on  figure  10. 
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(d)  The  boundary  values  are  the  thermal  interface  conditions  tieing  the  external 
platform  case  to  its  surrounding  environment.  The  external  ambient  temperature  was 
taken  at  120°F  (approximately  50°C).  Free  convection  and  radiation  ( e = 0.  5)  was  taken 
to  exist  at  the  cylindrical  portion  of  the  platform  case.  Both  end  surfaces  of  the  case 
are  conduction  mounted  with  a joint  pressure  of  at  least  15  psi. 
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Figure  8.  Heat  Generation  Nodes 
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Figure  9.  Thermal  Conductance  Values  (Sheet  2 of  2) 
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Figure  10.  Node  Thermal  Capacitance 


Results  of  the  Analysis 

There  are  several  major  objectives  which  were  expected  to  result  from  the 
mathematical  thermal  modeling  of  the  SLIC  7/2  laser  gyro  platform  analysis.  These 
are: 

• Steady-state  temperature  level  of  parts 

• Warmup  time  required  and  thermal  time  constant 

• Transient  temperature  response  of  parts 

• Temperature  gradients  experienced  along  the  laser  tube  especially  window 
to  window,  both  time  varying  and  steady  state 

• Axial  temperature  gradient  and  direction  of  gradient  in  cervit  block 

• Symmetry  of  temperature  distribution  in  the  block  circumferentially  and 
axially 

• Ability  of  the  cervit  block  connecting  i.'>rdware,  top  and  bottom,  to  produce 
similar  temperature  levels  top  and  bottom  of  the  cervit  block. 

The  application  environment  of  the  laser  platform  system  was  taken  to  be 
120°F  which  applies  to  both  ambient  and  structure  mounting. 

The  first  information  presented  is  the  platform  warmup  response  and  con- 
sequently the  steady  state  temperature  levels.  Figure  11  shows  the  warmup  curve  of  the 
laser  tube  body /windows  and  tube  cathode  as  well  as  various  parts  on  the  cervit  block. 
This  figure  also  shows  the  warmup  of  the  resistor  and  hybrid  module.  The  hottest  area 
on  the  cervit  block  is  the  upper  tube  mounting  point;  the  coldest  is  the  bottom  of  the 
block.  There  exists  a 12°F  gradient  between  these  two  points.  The  overall  axial 
gradient  of  the  cervit  block  is  5°F  with  the  center  of  the  block  hotter  than  either  top  or 
bottom. 

The  tube  body  steady-state  temperature  is  153°F  with  the  cathode  3°F  higher. 
This  is  a safe  operating  temperature  level  when  at  a maximum  environment  of  120°F. 

The  electronics  operates  at  very  safe  temperature  levels  with  the  hybrids 
at  124°F  and  the  resistor  assembly  at  132°F. 
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The  main  concerns  are  the  various  time  varying  temperature  gradients,  pri- 
marily those  associated  with  the  laser  tubes.  The  temperature  distributions  after 
0.  86  hour,  1. 5 hours  and  2.78  hours  of  operation  are  pictorially  shown  for: 

(a)  Cervit  block  and  laser  tubes  on  figures  12,  13,  and  14 

(b)  Cervit  block  on  side  of  tube  No.  1 on  figures  15,  16,  and  17 

(c)  Shields  and  case  on  figures  18,  19,  and  20 

(d)  Upper  connecting  hardware  on  figures  21,  22,  and  23 

(e)  Lower  connecting  hardware  on  figures  24,  25,  and  26 

(f)  Platform  base  on  figures  27,  28,  and  29 

A graph  showing  how  the  cervit  block  gradient  varies  over  its  entire  height  and 
from  the  area  of  the  upper  and  lower  laser  tube  windows  is  shown  on  figure  30.  The  tem- 
perature gradient  which  most  strongly  influences  the  laser  tube  windows  is  the  area  on 
the  cervit  block  near  nodes  79  and  108. 

Figure  31  shows  the  time  varying  temperature  gradients  of  the  three  laser 
tubes.  The  largest  gradient  is  found  in  tube  No.  3 with  almost  0.  05°F.  Tube  No.  1 and 
No.  2 run  very  close  with  a final  (steady- state)  gradient  of  0.  03  and  0.  035°F.  The 
gradients  plotted  are  those  occurring  from  window  to  window.  A detail  temperature 
distribution  and  gradient  picture  of  tube  No.  1 is  seen  on  figure  32. 

The  tube  mounting  tabs  are  lower  in  temperature  than  any  other  portion  of  the 
tube  because  they  are  in  contact  with  the  colder  cervit  block.  Since  the  mounting  tabs 
are  offset,  the  upper  left  and  lower  right  areas  of  the  tube  are  dragged  down  in  tempera- 
ture. This  can  be  seen  on  the  diagram  of  figure  32.  The  lower  mounting  tab  is  0.  062°F 
lower  due  to  the  generally  lower  temperatures  at  the  lower  end  of  the  cervit  block. 

The  temperature  difference  from  tube  No.  1 to  tube  No.  2 is  only  0.  018°F. 
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Figure  11.  Tube  and  Cervit  Block  Warmup  Curve 


Figure  18.  Shield  and  Case  Temperatures  in  °F  after  0.86  Hours  of  Operation 


Figure  19.  Shield  and  Case  Temperatures  in  °F  after  1.5  Hours  of  Operation 
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Figure  22.  Upper  Connecting  Hardware  Temperatures  in  °F  after  1.5 

Hours  of  Operation 
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Figure  26.  Lower  Connecting  Hardware  Temperatures  in  °F  after  2.78 

Hours  of  Operation 
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Figure  27.  Base  Temperature  Distribution  in  °F  after  0. 86  Hours  of  Operation 
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Figure  28.  Base  Temperature  Distribution  in  °F  after  1.5  Hours  of  Operation 


Figure  30.  Temperature  Gradients  in  Cervit  Block 


Figure  31.  Tube  Window  Temperature  Gradients 


SLIC-7  DISCHARGE  TUBE  RELIABILITY  INVESTIGATION 
Test  Objective 

The  primary  objective  of  this  investigation  is  to  assess  the  reliability  of  the 
SLIC-7  discharge  tube  design  relative  to  anticipated  tactical  missile  operation  (i.e., 
long  shelf  life  and  relatively  short  operating  time).  The  proposed  SLIC-7  reliability 
design  goal  is  for  a 10-year  shelf  life  with  an  85%  probability  the  system  will  turn  on 
and  operate  for  4 hours  any  time  during  the  10  years.  This  reliability  study  consists  of 
a storage  life  test  in  which  discharge  tubes  are  stored  and  periodically  tested  to  deter- 
mine their  operational  status,  and  an  operating  life  test  in  which  samples  are  continu- 
ously discharged.  These  tests  will  determine  if  there  are  any  properties  of  this  tube 
design  that  are  detrimental  to  reliability,  and  indicate  what  corrective  design  changes 
are  required.  The  above  tests  are  also  designed  to  investigate  techniques  for  accelerat- 
ing the  reliability  testing  of  discharge  tubes. 

Summary  of  Results 

The  storage  life  tests  of  three  metal/pyrex  SLIC-7  tubes  is  underway.  Due  to 
an  unresolved  seal  problem,  metal/ceramic  SLIC-7  tubes  have  not  been  tested.  Samples 
of  this  new  design  will  be  added  to  the  ongoing  test  when  the  present  difficulty  is  over- 
come. Thus  far  each  test  sample  has  accumulated  more  than  1500  hours  of  storage  un- 
der test  conditions  with  no  significant  changes  in  performance.  It  is  too  early  in  the 
test  to  discern  any  significant  trends  in  the  performance  data  of  test  samples  or  to 
determine  the  effectiveness  of  the  use  of  elevated  storage  temperatures  as  a means  of 
accelerating  shelf  life  tests. 

Predictions  based  on  results  obtained  from  the  operational  life  test  indicate 
that  the  potential  of  the  SLIC-7  design  is  more  than  adequate  to  satisfy  the  operational 
requirements  of  the  system  design  goal.  The  use  of  elevated  discharge  currents  and 
the  correlation  of  tube  current-voltage  characteristic  changes  with  operational  life  both 
appear  to  be  promising  methods  of  accelerating  reliability  tests.  Post-contract  tests 
are  continuing  in  order  to  verify  the  predictions  above  and  to  substantiate  the  validity  of 
the  reliability  test  acceleration  techniques.  The  operational  life  test  has  already  led  to 
several  design  improvements  in  the  SLIC-7  tube  that  enhance  reliability. 
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Acceleration  of  Reliability  Tests 


The  principle  failure  mechanisms  that  limit  the  useful  life  of  helium-neon  dis- 
charge tubes  are: 

• Gas  contamination  due  to  outgassing  and/or  leaks. 

• Diffusion  of  helium  out  of  the  tube. 

• Cathode  failure  due  to  sputtering. 

The  storage  life  of  a discharge  tube  is  dependent  upon  only  the  first  two  mech- 
anisms, while  the  operating  life  depends  upon  all  three.  Since  the  helium  diffusion  rate 
and  the  contaminant  outgassing  rate  increase  with  temperature,  it  should  be  possible  to 
accelerate  storage  life  testing  by  using  elevated  temperatures.  It  may  be  possible  to 
accelerate  operational  life  testing  by  discharging  samples  at  higher  than  normal  current 
levels.  The  life  of  a cathode  is  very  sensitive  to  its  discharge  current  density.  In 
practice  cathodes  are  designed  to  operate  at  current  densities  below  0.5  ma/cnrr;  above 
this  level  cathode  life  degrades  catastrophically.  Two  discharge  current  levels  were 
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used  but  the  higher  current  did  not  exceed  the  0.  5 ma/cm  design  limit.  Experiments 
on  cathode  life  suggest  that  there  may  be  a correlation  between  changes  observed  in 
tube  current -voltage  characteristics  and  operational  life.  This  correlation,  if  valid, 
would  allow  reliable  cathode  life  predictions  based  on  short  term  observations. 

SLIC-7  Storage  Life 

The  storage  life  test  demonstrated  reliability  consistent  with  the  SLIC-7  design 
goal  as  described  above.  It  was  originally  planned  to  include  samples  of  the  new  metal/ 
ceramic  SLIC-7  tube  in  this  test  program,  but  due  to  an  unresolved  seal  problem  in 
this  design,  only  metal/pyrex  SLIC-7  tubes  have  been  tested  to  date.  Two  metal/pyrex 
tubes  were  stored  in  an  enclosure  that  was  temperature  controlled  to  64°  ± 1°C  in  order 
to  evaluate  the  use  of  elevated  temperatures  as  a means  of  accelerating  reliability 
testing.  A third  tube,  stored  at  ambient  room  temperature,  served  as  an  experiment 
control.  Measurements  of  test  parameters  were  made  periodically  (typically  at  1 to  4 


week  intervals)  to  determine  their  operational  status.  Prior  to  test  parameter  measure- 
ment, tubes  stored  at  the  elevated  temperature  were  allowed  to  cool  to  room  tempera- 
ture. Each  sample  was  then  tested  according  to  the  following  sequence: 


• Electrical  turn-on  transient  measurement. 

• Current-voltage  characteristic  measurement. 

• Lasing  threshold  measurement. 

After  the  measurements  on  all  samples  to  be  tested  were  completed,  these  tubes  were 
discharged  at  a total  current  of  1. 5 ma  to  accumulate  a total  test  cycle  operating  time 
of  4 hours.  The  tubes  were  then  returned  to  their  respective  storage  environments 
until  the  next  scheduled  measurement  cycle. 

The  first  parameter  measured  in  the  test  sequence  was  the  electrical  turn- 
on transient.  This  measurement  involves  the  monitoring  of  changes  in  the  anode-  cathode 
voltage  of  one  tube  discharge  leg  with  time,  when  the  tube  is  first  turned  on  after  storage 
and  operated  at  a constant  total  current  of  1.  5 ma.  Figure  33  describes  the  test  cir- 
cuit used  for  this  measurement.  The  network  contains  sufficient  ballast  in  each  tube  leg 
to  insure  discharge  stability  and  to  automatically  idle  the  current  down  to  approximately 
1. 5 ma  when  the  tube  starts.  The  total  discharge  current  is  measured  by  monitoring 
the  voltage  drop  across  a viewing  resistor  in  the  cathode  leg.  The  anode-cathode  voltage 
is  measured  by  using  a high  impedance  voltage  divider  and  a differential  voltmeter.  The 
data  is  taken  by  igniting  the  laser  tube  and  manually  adjusting  the  power  supply  output 
voltage  to  maintain  a constant  1.  5 ma  current  level.  While  this  is  being  done,  the 
anode -cathode  voltage  is  monitored  as  a function  of  time.  This  data  is  summarized  in 
terms  of  the  total  percentage  change  in  voltage  observed  and  the  duration  time  of  the 
transient. 

The  current-voltage  characteristic  of  the  tube  samples  is  also  measured  using 
the  test  circuit  of  figure  33.  This  test  consisted  of  measuring  the  anode -cathode  voltage 
of  a discharge  leg  of  each  tube  sample  for  total  discharge  currents  of  0.750  ma,  1. 000 
ma  and  1.  500  ma. 

The  lasing  threshold  of  samples  was  measured  with  the  test  arrangement  of 
figure  34.  This  measurement  involves  the  insertion  of  the  tube  sample  in  a linear  laser 
cavity  and  adjusting  the  cavity  mirrors  to  obtain  the  minimum  threshold  current  at  which 
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lasing  just  begins.  The  flat  laser  cavity  mirror  is  dithered  at  400  Hz  by  a piezo 
actuator  to  produce  an  ac  optical  signal.  This  signal  is  monitored  by  an  infrared  sensi- 
tive photo  diode,  whose  output  is  amplified  and  displayed  on  an  oscilloscope.  This  CRT 
display  is  used  to  detect  the  presence  of  lasing.  The  discharge  tube  current  is  measured 
in  terms  of  a voltage  drop  across  a viewing  resistor  in  the  cathode  leg  of  the  tube  net- 
work. The  minimum  lasing  threshold  current  for  each  tube  sample  was  recorded. 

The  test  results  obtained  are  summarized  in  tables  1,  2,  and  3 and  figures 
35,  36,  and  37  contain  plots  of  test  parameters  versus  storage  time  for  all  the  samples. 
Each  sample  has  accumulated  over  1,500  hours  of  storage  time  under  test  conditions. 
There  is  no  indication  of  degradation  in  any  test  sample  and  there  are  no  significant 
differences  between  tubes  stored  at  room  temperature  and  64°C.  The  initial  data  points 
are  noisy  because  refinements  in  test  set-ups  and  procedures  were  required  (refer  to 
footnotes  in  tables  1,  2,  and  3). 

Additional  testing  is  required  to  determine  if  there  are  any  significant  trends 
in  the  data,  and  to  evaluate  the  use  of  elevated  storage  temperatures  as  a means  to 
accelerate  shelf  life  testing. 
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TABLE  1.  SHELF  LIFE  TEST  DATA  LOG:  SAMPLE  1 


CA^ITy  MAy  HOT  HAvc  Q£-trJ  t Auu&'JLG 
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TABLE  2.  SHELF  LIFE  TEST  DATA  LOG:  SAMPLE  2 
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TABLE  3.  SHELF  LIFE  TEST  DATA  LOG:  SAMPLE  3 
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Figure  33.  Turn-on  Transient  and  I-V  Characteristic  Test  Circuit 
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Figure  34.  Lasing  Threshold  Current  Measurement  Test  Set-up 
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Figure  36.  Shelf  Life  Test  Data:  Sample  2 
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Figure  37.  Shelf  Lifi 
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SLIC-7  Operational  Life 

The  essential  difference  between  operational  life  and  storage  life  is  the  de- 
pendence of  the  former  on  cathode  performance.  An  aluminum  cold  cathode  is  used  in 
all  Sperry  laser  discharge  tubes,  including  the  SLIC-7  design.  The  operational  life  of 
these  cathodes  is  dependent  upon  the  ability  of  an  aluminum  oxide  layer  to  retard 
sputtering.  The  sputtering  rate  of  this  hard  oxide  layer  is  extremely  low  compared  to 
the  rate  for  bare  aluminum.  Cathode  failure  occurs  when  the  protective  oxide  layer  is 
ruptured  by  the  eroding  action  of  the  plasma,  exposing  raw  aluminum  which  proceeds  to 
sputter  catastrophically.  The  erosion  rate  of  the  oxide  is  strongly  dependent  upon  the 
discharge  current  density  it  is  subjected  to  and  the  point  on  the  cathode  surface  that 
supports  the  highest  current  density  will  be  the  first  point  to  fail.  In  practice  satis- 
factory life  has  been  obtained  when  the  cathode  current  density  has  been  kept  below 
2 

0.  5 ma/cm  . 

The  following  discharge  tube  design  features  are  expected  to  influence  cathode 

life: 

• Nominal  design  operating  current:  this  parameter  determines  the  maximum 
current  density  on  the  cathode. 

• Cathode  current  distribution  as  determined  by  tube  geometry:  this  deter- 
mines the  maximum  operating  current  allowed  in  order  to  keep  cathode  cur- 

2 

rent  densities  below  the  0.  5 ma/cm  design  limit. 

• Cathode  edge  protection:  unprotected  edges  may  result  in  high  current 
densities  due  to  high  local  electric  fields  associated  with  the  small  radii  of 
edges. 

• Hollow  cathode  effects:  potential  enhancement  of  emission  in  regions  where 
dielectrics  are  in  close  proximity  to  the  cathode  surface  may  cause  high 
local  current  densities. 
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• Gas  fill  pressure:  this  parameter  may  influence  the  distribution  of  current 
on  the  cathode  surface  and/or  erosive  ability  of  the  plasma  since  it  deter- 
mines the  mean  free  paths  of  ions. 

• Cathode  preprocessing:  this  influences  the  "quality"  of  the  protective  oxide 
layer. 

The  relative  importance  and  optimization  of  the  above  design  features  relative 
to  cathode  life  were  studied  by  means  of  three  types  of  experiments: 

• Cathode  operating  life  tests. 

• Segmented  cathode  measurements. 

• Scanning  electron  microscope  studies  of  cathode  surfaces. 

These  experimental  programs  and  their  results  are  described  in  detail 

below. 

Cathode  Operation  Life  Test 

In  this  experiment  economical  test  bulbs  (see  figure  38)  that  accurately  sim- 
ulate the  SLIC-7  cathode  configuration  were  tested.  All  test  bulbs  were  continuously 
operated  at  their  prescribed  life  test  currents,  except  for  brief  off -on  cycles  when  mea- 
surements were  made.  The  current -voltage  characteristic  (i.e.,  the  anode-cathode  volt- 
ages for  0.  500  ma,  1.  000  ma  and  1.  500  ma)  for  each  sample  were  monitored  and  plotted 
as  a function  of  accumulated  operating  time  in  order  to  assess  their  progress.  The 
failure  of  a cathode  is  indicated  by  a sudden  increase  in  measured  voltages  and  by  the 
appearance  of  a sputtered  aluminum  film  on  the  inside  of  the  test  bulb.  Figure  39  con- 
tains a schematic  of  the  cathode  life  test  arrangement.  A high  impedance  voltage 
divider  and  differential  voltmeter  combination  is  used  to  measure  anode/cathode  voltages 
, and  the  voltage  drop  across  a viewing  resistor  is  used  to  determine  the  discharge  cur- 

rent. 

A summary  of  life  test  sample  descriptions  and  of  current  sample  status  is 
contained  in  table  4.  Samples  1,2,8  and  9 are  representative  of  the  original  SLIC-7 
configuration;  samples  3,  4,  and  10  are  of  the  same  configuration  as  above  but  with  a 
higher  pressure  gas  fill;  samples  5,  6,  and  7 probed  modifications  of  the  above  config- 
uration. Test  samples  of  the  original  SLIC-7  configuration  operated  at  1. 0 ma,  1. 5 ma 
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and  2.5  ma  have  respectively  maximum  local  current  densities  less  than,  equal  to 
(approximately),  and  greater  than  the  0.  5 ma/ cm  design  limit  (refer  to  Segmented 
Cathode  Experiments).  Figure  40  contains  plots  of  life  test  data  of  selected  samples. 

The  test  results  obtained  to  date  indicate  the  following: 

• The  reduction  of  the  nominal  test  current  from  2.  5 ma  to  1.  5 ma  can  in- 
crease operational  life  by  as  much  as  a factor  of  10  (refer  to  samples  1 
and  2).  A further  reduction  of  current  to  1. 0 ma  yields  a significant  addi- 
tional increase  in  life. 

• The  use  of  a higher  pressure  gas  fill  can  enhance  operational  life  at  2.  5 ma 
by  as  much  as  a factor  of  three  (refer  to  samples  1 and  3). 

• Test  samples  1,5,6  and  7 demonstrate  poor  correlation  of  life  with 

- Bottom  edge  protection 

- Hollow  cathode  effects 
Available  cathode  area 

Refer  to  figure  41  for  correlation  plots. 

• Test  sample  7 demonstrated  a life  two  times  longer  than  any  other  test  sample 
with  a standard  gas  fill  operated  at  2. 5 ma.  The  performance  of  this  sample 
is  due  to  a geometry  change  in  the  cathode  protective  end  cap  that  has  re- 
sulted in  an  improved  current  distribution  on  the  cathode  (this  is  further 
substantiated  in  the  segmented  cathode  experiment  section).  This  improved 
end  cap  geometry  has  been  incorporated  in  the  latest  SLIC-7  tube  design. 

The  above  results  can  be  used  to  project  the  life  expected  from  the  SLIC-7 
cathode  configuration  with  improved  end  cap  design  and  higher  pressure  gas  fill  as 
follows: 

• SLIC-7  configuration  with  improved  end  cap,  standard  gas  fill  operating  at 
2.  5 ma  (test  sample  7)  - life  -500  hrs. 

• Reduction  of  current  to  1. 5 ma  yields  factor  of  10  improvement  - life 
-5000  hrs. 

• Use  of  higher  pressure  gas  fill  yields  factor  of  3 improvement  - life 
-15,  000  hrs. 
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If  the  operating  current  is  reduced  further  to  1.0  ma,  tube  life  should  be  significantly 
longer  than  the  15,  000  hours  projected  above.  This  projected  life  is  more  than  adequate 
to  satisfy  the  intended  operational  life  design  goal  since  the  tube  can  be  operated  4 hours 
a day  for  10  years  without  exceeding  15,  000  hours. 

The  use  of  elevated  test  currents  appears  to  be  a valid  technique  to  accelerate 
operational  life  tests.  Data  from  an  accelerated  life  test  was  used  to  make  the  above 
life  prediction.  Additional  data  is  required  to  fully  establish  the  validity  of  this  method 
and  to  provide  the  information  required  to  project  accelerated  test  results  to  the  entire 
range  of  practical  discharge  tube  excitation  levels. 

Another  observation  that  may  lead  to  a practical  method  of  accelerating  life 
tests  involves  the  initial  changes  in  the  current-voltage  characteristic  of  a sample  as  it 
is  operated  for  the  first  time.  A re-examination  of  the  life  test  data  of  figure  40  will 
indicate  that  most  samples  demonstrate  an  initial  drop  in  anode/cathode  voltage  before 
stabilizing  or  failing  as  the  case  may  be.  The  correlation  between  this  voltage  change 
and  life  is  very  good  (refer  to  figure  42);  the  steeper  the  slop  of  the  initial  voltage  drop 
the  shorter  the  observed  life.  More  testing  is  required  to  substantiate  this  correlation 
and  to  determine  why  a few  of  the  samples  tested  had  voltage  increases  instead  of  de- 
creases. 

Future  life  test  samples  are  planned  in  a post-contract  effort  to  verify  the 
accuracy  of  the  life  prediction  made  above  using  accelerated  test  results  and  also  to 
investigate  the  effect  of  perturbations  to  the  present  cathode  conversion  schedule  on 
operational  life.  Cathode  pre-processing  has  not  as  yet  been  systematically  studied  in 
the  life  test  program,  although  it  is  being  studied  in  a post- contract  scanning  electron 
microscope  study  of  cathode  surfaces.  This  additional  effort  may  produce  additional 
life  enhancement  in  this  area. 

Segmented  Cathode  Experiments 

The  samples  used  in  this  study  were  bulbs  similar  to  the  ones  used  in  the  above 
test  except  that  the  cathode  consists  of  several  electrically  isolated  segments.  Figure 
43  contains  a schematic  of  a typical  segmented  cathode  experiment.  The  current  distri- 
bution for  each  cathode  configuration  is  determined  by  measuring  the  current  drawn  by 
each  segment  and  calculating  an  average  current  density. 


65 


A tabulation  of  all  the  configurations  tested  and  their  relationships  to  life  test 
samples  of  the  previous  experiment  is  contained  in  table  5.  The  significant  results  of 
these  experiments  are  summarized  in  the  three  sets  of  current  distribution  plots  of 
figures  44,  45,  and  46. 

Figure  44  contains  the  data  from  test  1 which  indicates  that  the  current  peaks 
sharply  near  the  center  of  the  cathode  while  the  end  farthest  from  the  anode  supports 
very  little  of  the  discharge.  At  2.5  ma  total  current,  three  of  the  cathode  segments 
have  average  current  densities  greater  than  the  0.5  ma/cm  design  limit.  At  1.5  ma 
one  segment  exceeds  this  limit  and  at  1.0  ma  all  segments  are  below  this  limit.  The 
region  of  the  cathode  farthest  from  the  anode  is  suspected  as  being  the  principle  site 
of  hollow  cathode  effects.  Since  the  segment  in  this  region  supports  very  little  of  the 
discharge,  it  appears  that  hollow  cathode  effects  are  not  important  in  determining 
SLIC-7  tube  operational  life. 

Figure  45  contains  data  from  tests  in  which  the  only  difference  in  configuration 
was  the  gas  fill  pressure.  The  results  indicate  that  the  cathode  current  distribution  is 
not  significantly  altered  by  pressure  changes  of  the  same  magnitude  as  used  in  the  life 
test  experiment  to  enhance  cathode  life.  This  implies  that  the  observed  life  enhance- 
ment is  not  due  to  improved  current  distribution  but  that  the  ions  in  a higher  pressure 
fill,  with  shorter  mean  free  paths,  are  less  effective  in  eroding  the  protective  cathode 
oxide  layer. 

Figure  46  contains  data  from  tests  in  which  different  cathode  edge  protection 
end  cap  geometries  were  studied.  The  results  indicate  that  changes  in  end  cap  design 
can  significantly  reduce  peaking  in  the  current  distribution  and  improve  the  utilization  of 
the  cathode  end  farthest  from  the  anode.  Test  1 is  the  same  configuration  as  cathode 
life  test  sample  1 and  test  4 is  similar  to  the  configuration  of  life  test  sample  7.  The 
geometries  of  tests  6 and  9 are  not  practical  for  the  SLIC-7  tube  design  because  they 
do  not  provide  adequate  space  for  a getter.  The  distribution  plot  obtained  in  test  4 for 
1.5  ma  total  current  is  included  in  this  figure  to  indicate  that  all  segments  had  an 
average  current  density  below  the  0.  5 ma/cm  design  limit  which  is  an  improvement 
over  the  configuration  of  test  1 (refer  to  figure  44).  The  configuration  of  test  4 is 
representative  of  the  present  SLIC-7  cathode  design. 
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Scanning  Electron  Microscope  Study  of  Cathode  Surfaces 

In  this  program  samples  of  SLIC-7  and  SLG-15  cathodes  were  studied  using  a 
scanning  electron  microscope.  The  objective  of  the  study  is  to  observe  and  measure 
cathode  oxide  layers,  and  to  determine  a pre-processing  schedule  that  will  make  the 
oxide  coating  on  the  SLIC-7  design  equivalent  to  the  one  on  the  long  life  SLG-15  cathode. 
Preliminary  observations  of  SLIC-7  cathodes  that  have  failed  reveal  a very  rough 
textured  surface  and  a surface  layer  that  was  originally  interpreted  as  an  oxide  layer, 
but  is  now  believed  to  be  a deposited  aluminum  film  due  to  sputtering.  At  the  present 
time,  a post-contract  study  is  underway  in  which  SLIC-7  cathode  samples  that  have  only 
been  preprocessed  are  to  be  examined.  A listing  of  these  samples  is  included  in  table 
6.  The  samples  are  designed  to  probe  the  influence  of  each  pre-processing  step  and 
perturbations  to  the  standard  process  schedule  on  the  cathode  oxide  coating.  A standard 
pre-processed  SLG-15  cathode  is  included  to  serve  as  a reference.  Thus  far  efforts  to 
observe  oxide  layers  on  these  samples  have  been  unsuccessful.  Wo-k  is  continuing  in 
this  area.  Other  surface  analysis  techniques  are  being  investigated  as  methods  of  mea- 
suring cathode  oxide  coatings  such  as  Auger  electron  spectroscopy  and  secondary  ion 
mass  spectroscopy. 
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TABLE  6.  CATHOD  PREPROCESSING  VS  OXIDE  LAYER,  TEST  SAMPLE  DESCRIPTIONS 


Figure  38.  Cathode  Life  Test  Bulb 
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Figure  39.  Operational  Life  Test  Circuit 
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Figure  42.  Correlation  Plot  of  Initial  Life  Test  Sample^-  Vs  Life 
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Figure  43.  Segmented  Cathode  Test  Schematic 
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Figure  45.  Discharge  Current  Distribution  Vs  Gas  Fill  Pressure 
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